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Objectives: Joint immobilization has previously been shown to modulate corticospinal excitability. The
present study investigated changes in the excitability of distinct fractions of the corticospinal pathway
by means of conditioning the H-reﬂex with transcranial magnetic stimulation (TMS) of the primary
motor cortex (Hcond). This method allows assessment of transmission in fast (monosynaptic) and
slow(er) (polysynaptic) corticospinal pathways.
Methods: 9 subjects underwent 8 weeks of unilateral ankle joint immobilization during daytime, 7 sub-
jects served as controls. The measures obtained before and after immobilization included stretch- and H-
reﬂexes assessing excitability of the spinal reﬂex circuitries, TMS recruitment curves estimating overall
changes in corticospinal excitability, and Hcond.
Results: TMS recruitment curves showed an overall increase in corticospinal excitability following immo-
bilization. Importantly, Hcond revealed signiﬁcant facilitation of conditioned reﬂexes, but only for longer
conditioning intervals, suggesting that immobilization increased excitability only of slower, indirect cor-
ticospinal pathways. No changes were observed in the control group. Immobilization had no signiﬁcant
effects on spinal reﬂex measures.
Conclusions: 8 weeks of ankle joint immobilization was accompanied by pathway-speciﬁc modulation of
corticospinal transmission.
Signiﬁcance: It is particularly interesting that fast corticospinal projections were unaffected as these are
involved in controlling many, if not most, movements in humans.
 2014 International Federation of Clinical Neurophysiology.
⇑ Corresponding author. Address: Department of Medicine, Movement and Sport Science, University of Fribourg, Bd de Pérolles 90, Bureau F440, 1700 Fribourg,
Switzerland. Tel.: +41 26 300 8238; fax: +41 26 300 9771.
E-mail address: christian.leukel@unifr.ch (C. Leukel).
1
Published in &OLQLFDO1HXURSK\VLRORJ\±
which should be cited to refer to this work.
ht
tp
://
do
c.
re
ro
.c
h
1. Introduction
Longer-term immobilization, whether it be bed rest or joint
immobilization, causes degeneration of all systems of the human
body including bones, muscles, the cardiovascular system and
the central nervous system (CNS) (Convertino et al., 1997). Most
previous studies concentrating on adaptations of the CNS following
immobilization have focused on spinal reﬂex measures and the
corticospinal pathway. Especially the latter is highly relevant for
movement execution (Lemon et al., 1998, 1995, 2004). Therefore,
electrophysiological techniques like transcranial magnetic stimu-
lation (TMS) and peripheral nerve stimulation (PNS) have been
applied to assess changes in spinal and corticospinal excitability,
most often before and after limb or joint immobilization in humans
for up to a few weeks.
The results derived from the TMS experiments are inconsis-
tent:Liepert et al. (1995) found reduced motor cortical representa-
tional maps following 16 weeks of ankle immobilization, and both
Facchini et al. (2002) and Ngomo et al. (2012) found reduced motor
evoked potential amplitudes (MEPs) following 4 days of ﬁnger
immobilization. Lundbye-Jensen and Nielsen (2008a) did not ﬁnd
changes in corticospinal excitability following 1 week of wrist
immobilization, whereas increased corticospinal excitability was
shown for arm and hand muscles following longer periods of
immobilization ranging from 21 to 45 days (Clark et al., 2008;
Zanette et al., 2004) and for leg muscles following 10 days of
immobilization (Roberts et al., 2007).
In addition to corticospinal changes, spinal reﬂex circuitries
have been investigated using PNS. Kaneko et al. (2003) observed
no changes in H-reﬂexes following 3–6 weeks of arm immobiliza-
tion, but the majority of studies have shown that H-reﬂex ampli-
tudes increase following a period of immobilization. In the rat,
Anderson et al. (1999) reported increases in the H-reﬂex gain fol-
lowing 3 weeks of hindlimb unloading, and in humans, Lundbye-
Jensen and Nielsen (2008a) and Clark et al. (2008)similarly
observed increased H-reﬂex amplitudes at rest following 1 week
of wrist and hand immobilization and 4 weeks of lower limb sus-
pension. More recently, it was demonstrated that 2 weeks of ankle
joint immobilization causes changes in spinal interneuronal cir-
cuitries responsible for presynaptic control of sensory input to
the spinal cord (Lundbye-Jensen and Nielsen, 2008b).
The reason for the differential ﬁndings, especially with respect
to corticospinal plasticity, in previous immobilization studies is
not clear. It may be speculated that the effects of immobilization
relate to the speciﬁc limb or muscle, the duration, the immobiliza-
tion procedure (e.g. without loading or partial loading of the limb),
and possibly also depend on the tested population (e.g. age, the
level of ﬁtness, etc.). However, another confounding factor may be
the method of how corticospinal excitability was assessed. One
problem when interpreting compound MEPs elicited by single-
pulse TMS is its non-speciﬁcity: the corticospinal pathway consists
of a variety of different connections, i.e. monosynaptic, oligosynap-
tic and polysynaptic ones, from the motor cortex to the spinal
motoneurons. The compound MEP reﬂects the net sum of all excit-
atory and inhibitory inﬂuences from the level of the primary motor
cortex and downstream to the level of the spinal motoneurons.
Thus, changes in the compound MEPs following immobilization
may be caused by alterations either at a cortical or at the spinal
level, or in direct or indirect corticospinal pathways to a varying
extent. The precise description of the sites of action is important
to be able to interpret neural plasticity following immobilization.
A possibility to test corticospinal transmission with sufﬁcient
temporal resolution is by conditioning H-reﬂexes with single pulse
TMS over the motor cortex (Hcond) with different interstimulus
intervals (ISIs) (Leukel et al., 2012; Nielsen and Petersen, 1995a;
Nielsen et al., 1995, 1993; Petersen et al., 1998b; Taube et al.,
2014, 2011). Using different ISIs by temporarily shifting theH-reﬂex
relative to TMS reveals transmission in speciﬁc corticospinal path-
ways with different latencies and different synaptic connections
(Nielsen et al., 1993). Thus, effects at ‘‘early’’ ISIs have been attrib-
uted to fast, most likely monosynaptic corticospinal projections
whereas effects at ‘‘later’’ ISIs are thought to reﬂect excitation of
slower and/or indirect pathways (Nielsen et al., 1995, 1993;
Petersen et al., 1998a; Taube et al., 2006).
In order to investigate pathway-speciﬁc alterations in cortico-
spinal transmission the Hcond technique was used in the present
study. We immobilized the lower leg, i.e. ankle joint, of subjects
during daytime for 8 weeks using a special designed cast (Hephais-
tos orthosis).
2. Methods
Nine healthy male subjects (31 ± 4 years) without neurological
and orthopedic disorders were immobilized over a period of
8 weeks. The measurements conducted in the present study were
part of a multidisciplinary research project at the German Aero-
space Centre (DLR) in Cologne, investigating the physiological con-
sequences of immobilization. This project only included
immobilized subjects and no control subjects. Therefore, we
recruited 7 additional subjects (27 ± 3 years) without immobiliza-
tion as a control group after the measurements were conducted
with the immobilized subjects to ensure that the electrophysiolog-
ical results we obtained were not caused by other factors than
immobilization (e.g. elapsed time between measurements).
Subjects in the immobilization group were psychologically
screened including a standardized personality test (Freiburger per-
sonality inventory, FPI) and a 45-min interview with two psychol-
ogists. Exclusion criteria were smoking, participating in regular
strength training, clotting disorders and consistent uptake of any
prescribed medication. All subjects gave written informed consent
prior to participation. The study was performed according to the
Declaration of Helsinki (latest revision in Seoul, 2008) and approved
by the local ethics committee (Ärztekammer Nordrhein). The Hep-
haistos study is registered at clinicaltrials.gov (NCT01576081).
2.1. General experimental protocol
Subjects wore a unilateral leg cast (see below) over a period of
8 weeks (see also (Weber et al., 2013)). The side of immobilization
(left or right leg) was randomly chosen some weeks before the
experiments started. The leg tested in the control group was also
chosen in a randomized fashion.
During the 8 weeks of immobilization subjects followed their
normal everyday activities while wearing the device in all activities
that required loading of the leg. Subjects did not wear the orthosis
during night-time sleep. This resulted in a ‘‘net wearing time’’ of
12–16 h per day, depending on their habitual activities.
Electrophysiological measurements were conducted 48 h before
the start of the intervention (pre) and immediately after the end of
the intervention (post, i.e. immediately after removing the cast).
The order of electrophysiological measures in the pre- and post-
measurement was as follows: (i) stretch reﬂexes, (ii) H-reﬂex
recruitment curves, (iii) MEP recruitment curves, (iv) Hcond. Sub-
jects in the control group were also tested two times (pre- and
post-measurement) within a period of 8 weeks. We conducted
the same measurements for the control subjects in the same order
as for the immobilized subjects except the recording of stretch
reﬂexes during sitting and stance and H-reﬂexes during stance
(see below).
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2.2. Orthosis
A novel unloading orthosis (Hephaistosor HEP cast, patent
application No. 102011082700.5) was developed in the German
Aerospace Center (DLR) in Cologne, Germany (Weber et al.,
2013). Brieﬂy, the Hephaistos cast signiﬁcantly reduces the activa-
tion and force production of the calf muscles when performing leg
movements where loading is required (e.g. locomotion) while it
completely retains body mass impacts transferred through the
bones. These speciﬁc effects of the orthosis were tested using bio-
mechanical methods when designing the device (Weber et al.,
2013 for more detailed description).
2.3. EMG
EMG recordings were obtained from the soleus muscle (SOL)
and the tibialis anterior muscle (TA) of the respective leg. After
preparation of the skin, bipolar surface electrodes (Blue Sensor P,
Ambu, Bad Nauheim, Germany) were attached longitudinally
above the muscle belly (2 cm inter-electrode distance). The refer-
ence electrode was placed on the patella of the same leg. EMG sig-
nals were ampliﬁed (1000), bandpass-ﬁltered (10–1000 Hz) and
sampled at 4 kHz. The EMG was stored and analyzed ofﬂine
(IMAGO, pﬁtec, Endingen, Germany).
2.4. Stretch reﬂex
Stretch reﬂexes in the SOL of the immobilized limb were elic-
ited to elucidate changes in spinal reﬂex circuitry following immo-
bilization. Measurements were conducted in a custom-built ankle
ergometer (for more information about the technical speciﬁcations
of the ergometer please contact the authors of the study). Subject’s
feet were placed on the left and right platform of the ergometer
and were ﬁxed with a snowboard binding system. The rotation axis
of the upper ankle joint coincided with the rotation axis of the plat-
form. Torque of the platform was assessed using a torque trans-
ducer (Burster, Gernsbach, Germany) and displacement was
measured with a goniometer (Megatron, München, Germany).
Both devices were mounted between the servomotor of the ankle
ergometer and the platform.
Stretches were applied with two different velocities, 300 per
second (fast stretch) and 150 per second (slow stretch). Displace-
ment (toe up rotation) of the platform was always 10. Both, the
fast and the slow stretches were elicited while subjects were either
sitting (knee angle at 90 and ankle angle at 90) or standing (knee
angle at 180 and ankle angle at 90). During standing, subjects
took hold on sidebars that were mounted at the level of the waist
on the ergometer on left and right side of the standing subjects.
For each of the 4 conditions, a total of 10 consecutive stretches
(pause between the stretches was set to 5 s) were applied in a ran-
domized order meaning that the order of the 4 conditions was
randomized.
Note that stretch reﬂexes were not recorded in subjects of the
control group. As mentioned, the control group was tested after
the immobilization group, and as we found no changes in spinal
reﬂex circuitries (stretch reﬂexes and H-reﬂexes) in the immobili-
zation group (see ‘‘Section 3’’) parameters were not tested in the
control group.
2.5. H-reﬂex
The purpose of the H-reﬂex measurements was to detect
changes in the strength of Ia afferent projections onto spinal
motoneurons and therefore to reveal central adaptations in the
spinal reﬂex circuitry following immobilization. Measurements
were conducted while sitting (knee angle at 90 and ankle angle
at 90) in a custom built chair and also during stance (knee angle
at 180 and ankle angle at 90) in a randomized order (i.e. some
subjects started with measurements during sitting and some with
measurements while standing). H-reﬂexes in the right SOL were
elicited with an electrical stimulator (constant current stimulator
Digitimer DS7a, Hertfordshire, UK) by stimulating the posterior
tibial nerve in the popliteal fossa. Stimuli consisted of square-wave
pulses of 0.5 ms duration. The anode, a graphite coated rubber pad
of 5  5 cm, was ﬁxed on the anterior aspect of the knee just
underneath the patella. The site for the placement of the cathode
was always searched during stance and thus, the optimal location
for stimulation always refers to the stance condition. We moved
the cathode (2 cm in diameter) stepwise until the optimal position
for eliciting an H-reﬂex was found (the time interval between suc-
cessive stimuli was 5 s). Care was taken that the stimulation did
not activate the common peroneal nerve. We therefore recorded
the TA EMG. A second criterion for the optimal position was that
no or small M-waves in SOL were evoked with low stimulation
intensities. After the optimal position was found, the cathode (Blue
sensor N, Ambu, Bad Nauheim, Germany) was ﬁxed with tape.
H/M recruitment curves were obtained by applying approxi-
mately 20–50 electrical stimuli over a range of stimulation intensi-
ties ranging from 1mA to the maximum of 100 mA. The pause
between successive stimuli was 5 s. Note that, based on unchanged
H-reﬂexes in the immobilization group, H-reﬂexeswere only applied
during sitting in the control group for normalization of electrophys-
iological data (MEP recruitment curve and Hcond, respectively).
2.6. TMS
A Magstim Rapid Rate Stimulator (Magstim Company Ltd.,
Whitland, UK) with a ﬁgure of eight coil (Magstim SP16097) was
used for TMS. Measurements were conducted while subjects were
sitting (knee angle at 90 and ankle angle at 90). The optimal indi-
vidual coil position (hotspot) for evoking MEPs in the SOL muscle
was determined together with the resting motor threshold
(1.0 MT) in each subject.
The SOL hotspot was determined by setting the initial stimula-
tion point approximately 0.5 cm anterior to the vertex and over the
interhemispheric midline and then going through a mapping pro-
cedure while monitoring the amplitude of the evoked MEP in
SOL. For the mapping procedure, the coil was moved lateral from
the vertex and anterior–posterior. The coil orientation was tangen-
tial to the scalp with the handle pointing backwards and centered
at 0 angle with respect to the midline, inducing a posterior–ante-
rior directed current in contralateral hemisphere M1 to activate
preferentially intracortical neurons and, at higher stimulation
intensities, corticospinal neurons trans-synaptically (Di Lazzaro
et al., 2004; Terao et al., 2000). The handle of the coil was ﬁxed
to a stand (Manfrotto, Italy). The coil was ﬁxed with velcro strips
to the subject’s head. The head of the subjects was ﬁxed with vel-
cro strips to the headrest of the chair. This ensured a constant
position of the coil relative to the head. Additionally, the position
of the coil was marked on the scalp with a marker and monitored
repeatedly throughout the experiment by the experimenter. With
the hotspot set, 1.0 MT was determined as the minimum intensity
of magnetic stimulation required to evoke MEPs of 50 lV peak-to-
peak amplitude in at least 3 of 5 consecutive trials.
Two different conditions were tested with TMS, which are
explained in the following.
2.7. MEP recruitment curve
MEP recruitment curves were recorded to test for overall
changes in corticospinal excitability following immobilization
according to previous studies (e.g. (Clark et al., 2008; Ngomo
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et al., 2012)). Single-pulse magnetic stimuli were applied over M1
with different stimulation intensities ranging from 0.8 to 1.5 MT in
steps of 0.1 with a 5 s interval between subsequent stimuli. We
recorded a total of 5 stimuli at each stimulation intensity in a
pseudo-randomized sequence meaning that we changed the stim-
ulation intensity after each stimulus in a pre-deﬁned order and did
not apply 5 stimuli with the same stimulation intensity.
2.8. Conditioned H-reﬂexes (Hcond)
The conditioning technique aimed to evaluate pathway-speciﬁc
plasticity of corticospinal transmission following immobilization
and was applied in accordance with previous studies (Nielsen
and Petersen, 1995a,b; Nielsen et al., 1993; Petersen et al.,
1998a; Schubert et al., 2008). Electrical stimuli (pulse width of
0.5 ms) with an intensity to evoke SOL H-reﬂexes of 15–25% of
the respective maximum M-wave in the pre- and post-measure-
ment (Crone et al., 1990) and TMS with an intensity of 1.0 MT were
combined at different ISIs (5, 4, 3, 2, 1, 0, 4, 8, 12, 16, and
20 ms). Negative ISIs (in ms) indicate that the electrical stimulus
was elicited before TMS. The reason for starting with the ISI of
7 ms was to ensure recording of the early facilitation of the con-
ditioned H-reﬂexes as this most likely indicates activation of the
spinal motoneurons by the fastest (monosynaptic) corticospinal
ﬁbers (Nielsen et al., 1993). In most subjects, the early facilitation
can be observed when PNS precedes TMS by 2–4 ms.
Each ISI was measured 10 times in a randomized order includ-
ing the same number of unconditioned H-reﬂexes and MEPs
induced by single pulse TMS. The time interval between successive
stimuli was 5 s.
2.9. Data analysis and statistics
2.9.1. Stretch reﬂexes
The peak-to-peak amplitude was calculated for each stretch
reﬂex based on the unrectiﬁed SOL EMG. The amplitudes of 10
stretch reﬂexes were averaged in each condition and this mean
was expressed as a percentage of the Mmax obtained in the pre-
and post-measurement, respectively. Importantly, the stretch
reﬂex values recorded during sitting were expressed relative to
Mmax obtained during sitting and the stretch reﬂex values
recorded during stance were expressed relative to Mmax obtained
during stance. This normalization procedure aimed to account for
altered recording conditions (e.g. position of the surface electrodes)
in the pre-measurement compared to the post-measurement.
These normalized values were entered into a repeated-measures
analysis of variance (ANOVA) to test differences in the stretch
reﬂex size between pre- and post-measurement with the
within-subject factors TIME (pre- versus post-measurement) and
VELOCITY (stretch with 300 per second and 150 per second).
2.9.2. H-reﬂexes and M-waves
Thepeak-to-peakamplitudewas calculated for eachH-reﬂexand
each M-wave based on the unrectiﬁed surface EMG. The largest
H-reﬂex of the H-reﬂex recruitment curve in the pre- and post-
measurement was selected and named Hmax. The corresponding
procedure was performed for the largest M-wave (Mmax). Finally,
Hmax in each subject was divided by the Mmax to obtain the
Hmax/Mmax ratio. Individual responses obtained in the sitting
position (Hmax/Mmax and also Mmax) were entered into a
repeated-measures ANOVAwith the between-subject factor GROUP
(immobilization versus control) and the within-subject factor TIME
(pre- versus post-measurement). All post hoc pairwise comparisons
were performed using Bonferroni corrected Student’s T-tests. The
H-reﬂexes data recorded during standing were tested using Bonfer-
roni corrected paired Student’s T-tests (pre-measurement against
post-measurement) as the data during standingwere only obtained
for the immobilization group.
2.9.3. MEP recruitment curves
The peak-to-peak amplitude was calculated for each recorded
MEP based on the raw SOL EMG. Five MEPs obtained at each stim-
ulation intensity were averaged. The averaged value was individu-
ally normalized to Mmax obtained during sitting. For statistical
analysis, we were interested in changes caused by the immobiliza-
tion. Therefore, we subtracted the individual mean value of the
post-measurement from the corresponding individual mean value
(i.e. same stimulation intensity) of the pre-measurement. These
data were entered into a repeated-measures ANOVA with the
between-subject factor GROUP (immobilization versus control),
and the within-subject factor STIMULATION INTENSITY (0.8–
1.5 MT-pre-measurement). Additionally, we performed a
repeated-measures ANOVA for each group with with-subject fac-
tors TIME (pre-measurement vs post-measurement) and STIMULA-
TION INTENSITY. All post hoc pairwise comparisons were
performed with Bonferroni corrected Student’s T-tests.
2.9.4. Hcond
The peak-to-peak-amplitude of the conditioned H-reﬂexes and
unconditioned control H-reﬂex was calculated based on the unrec-
tiﬁed SOLEMG. Ten conditioned H-reﬂexes at each ISI and 10
unconditioned control H-reﬂexes were averaged in each subject.
The individual mean of the conditioned H-reﬂexes (at each ISI)
was divided by the individual mean of the unconditioned control
H-reﬂex (Leukel et al., 2012; Taube et al., 2014, 2011). The uncon-
ditioned control H-reﬂex served as a reference for the conditioned
H-reﬂexes. For statistical analysis, we subtracted the individual
mean value of the post-measurement from the corresponding
mean value of the pre-measurement. The ﬁrst analysis was con-
ducted to evaluate differences in the early facilitation between
the immobilization group and the control group. We pointed out
previously (Leukel et al., 2012; Taube et al., 2011) that there is a
small individual variability in the onset of the early facilitation of
about 1–2 ms caused by variations of the anatomical (e.g. trunk
length, leg length) and physiological parameters of the subjects,
which results in differences in conduction times of the corticospi-
nal and (Ia) afferent volley to reach the spinal a-motoneurons.
Therefore, we selected the early facilitation intra-individually as
the ﬁrst increase of conditioned H-reﬂexes starting from ISI
7 ms by visual inspection of the conditioning curves. An unam-
biguous detection was possible in all subjects. The early facilitation
was determined in the pre- and post-measurement and ranged
from 4 to 2 ms in all tested subjects. The corresponding ISI
did not change in the post-measurement in the immobilization
group and the control group, respectively. Therefore, data at the
ISI corresponding to the early facilitation was compared between
the two groups using a Bonferroni corrected unpaired Student’s
T-test. In a second analysis we compared the ISIs after the early
facilitation, reﬂecting the excitability of slower (polysynaptic) cor-
ticospinal pathways. These data were not normalized to the early
facilitation. With normalization group-wise comparisons would
be impossible since the time lag between different ISIs was not
constant. We used a repeated-measures ANOVA with the factors
ISI (2, 1, 0, 4, 8, 12, 16, 20 ms) and GROUP (immobilization ver-
sus control group).All post hoc pairwise comparisons were per-
formed as Bonferroni T-tests.
Statistics were performed using SPSS 21 (IBM, Armonk, NY,
USA). Values are reported as mean ± standard deviation (SD).
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3. Results
3.1. Spinal adaptations
3.1.1. Stretch reﬂexes
Stretch reﬂexes aimed to elucidate changes in spinal reﬂex cir-
cuitry following immobilization. With the fast and slow stretches
applied in the present study we detected a short latency response
(SLR) in the SOL EMG but no medium latency response (MLR). The
SLR has been mainly attributed to Ia afferent ﬁbers (Berardelli
et al., 1982; Gottlieb and Agarwal, 1979). Changes in the reﬂex size
could therefore be caused by modulations in the sensitivity of mus-
cle spindles in response to immobilization and/or neural modula-
tions at the spinal level.
For stretches applied during sitting, the ANOVA revealed no
effect for TIME (F1,8 = 1.11, P = 0.32) and no effect for VELOCITY
(F1,8 = 1.38, P = 0.28). This means that stretch reﬂexes during sitting
were not different between pre-and post-measurement and
between the two velocities. For stretches applied during stance,
the ANOVA revealed no effect of TIME (F1,8 = 0.12, P = 0.73), but
an effect of VELOCITY (F1,8 = 32.17, P < 0.001). This means that
stretch reﬂexes during stance for both velocities were not different
between pre- and post-measurement. However, as indicated by the
signiﬁcant effect for VELOCITY, stretch reﬂex size for fast stretches
was larger than for slow stretches.
Mean ± SD stretch reﬂex amplitudes were as follows: High
velocity sitting pre: 7.9 ± 3.9% Mmax versus post: 11.3 ± 8.5%
Mmax; high velocity stance pre: 15.9 ± 4.7% Mmax versus post:
15.9 ± 7.5% Mmax; low velocity sitting pre: 8.4 ± 6% Mmax versus
post: 8.2 ± 5% Mmax; low velocity stance pre: 11.5 ± 6.4% Mmax
versus post: 9.9 ± 5.2% Mmax (Fig. 1).
In conclusion, stretch reﬂexes were not affected by immobiliza-
tion, and this was independent of the velocity with which the
stretches were applied. The only difference we found was a larger
reﬂex size with high stretch velocity than with low stretch velocity
during stance. This ﬁnding is in accordance with previous studies
(Leukel et al., 2009).
3.1.2. H-reﬂexes and M-waves
The H-reﬂex aimed to test for changes in the excitability of the
central part of the spinal stretch reﬂex circuitry, i.e. the projection
of Ia afferents onto spinal motoneurons. For H/M ratios obtained
during sitting the ANOVA revealed no signiﬁcant effect of GROUP
(F1,6 = 1, P = 0.35)and TIME (F1,6 = 0.28, P = 0.62). In the immobiliza-
tion group, the H/M ratio was 0.63 ± 0.17 in the pre-measurement
and 0.63 ± 0.18 in the post-measurement. For the control group,
the H/M ratio was 0.72 ± 0.13 in the pre-measurement and
0.71 ± 0.12 in the post-measurement. This means that the strength
of Ia afferent excitation of spinal motoneurons did not change by
immobilization (Fig. 1).
H/M ratios obtained during stance, only tested in the immobili-
zation group, were 0.55 ± 0.12 in the pre-measurement and
0.63 ± 0.19 post immobilization (P = 0.20).Therefore, like with
measurements obtained during sitting, immobilization had no
effect on the H-reﬂex recorded during stance.
Regarding Mmax, the ANOVA revealed no effect of the factor
GROUP (F1,6 = 0.18, P = 0.69) but a signiﬁcant effect of the factor
TIME (F1,6 = 16.8, P < 0.01) and a signiﬁcant GROUP  TIME interac-
tion (F1,6 = 10.9, P < 0.05). Post-hoc comparisons revealed a signiﬁ-
cant reduction of Mmax only for the immobilization group (pre:
13 ± 3.4 mV, post: 11.7 ± 3.2 mV, P < 0.01) but no change of Mmax
in the control group (pre: 10.2 ± 2.3 mV, post: 10.6 ± 3 mV,
P = 0.99). The reduced Mmax indicates immobilization-induced
morphological alterations at the level of the stimulated motor
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Fig. 1. Data from a single subject. (A) Shows the mean of 10 stretch reﬂexes applied
during sitting in the pre-measurement (blue line) and the post-measurement (red
line). Stretches to the calf muscles were applied with 300 per second and an
amplitude of 10. (B) Depicts the H/M recruitment curve during sitting in the pre-
and post-measurement (squares: pre-measurement; circles: post-measurement).
(C) Shows the mean of 5 MEPs elicited with 1.3 motor threshold (MT). Stretch
reﬂexes and MEPs are normalized with reference to Mmax elicited in the pre- and
post-measurement, respectively. (For interpretation of the references to color in
this ﬁgure legend, the reader is referred to the web version of this article.)
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axons, the neuromuscular junction and/or associated muscle ﬁbers
i.e. muscle atrophy in response to immobilization.
3.2. Corticospinal excitability
3.2.1. MEP recruitment curves
The MEP recruitment curves served to test overall changes in
corticospinal excitability. Group mean MEP recruitment curves
are illustrated in Fig. 2 and single subject data is shown in Fig. 1.
Within the immobilization group there was a signiﬁcant main
effect of STIMULATION INTENSITY (F1,7 = 12.86, P < 0.001), not
TIME (F1,7 = 4.56, P = 0.065) but a signiﬁcant STIMULATION INTEN-
SITY  TIME interaction (F1,7 = 3.13, P = 0.007). Posthoc Bonferroni
T-tests revealed that MEP amplitudes were signiﬁcantly facilitated
following immobilization for stimulation intensities 130% MT
(P < 0.05), 140% MT (P < 0.01) and 150% MT (P < 0.05). Within the
control group, there were no signiﬁcant effect of TIME
(F1,7 = 0.23, P = 0.68) or STIMULATION INTENSITY (F1,7 = 2.27,
P = 0.091) and no interaction (F1,7 = 0.27, P = 0.95).
When comparing differences between pre and post-measure-
ments a main effect of GROUP (F1,6 = 17.64, P < 0.001), but no effect
of STIMULATION INTENSITY (F1,6 = 0.4, P = 0.90) was detected
meaning that the observed increase in MEP-amplitudes from the
pre- to post-measurement in the immobilization group was signif-
icantly different from the control group. These results demonstrate
that immobilization resulted in an increased overall corticospinal
excitability, which was not observed in the control group.
3.2.2. Hcond
We applied Hcond to test pathway-speciﬁc changes in cortico-
spinal transmission. We ﬁrst analyzed Hcond corresponding to the
early facilitation. The mean value of the early facilitation was at
3 ms (see Fig. 3), with an individual range between 4 and
2 ms (see Section 2.9). Data corresponding to that ISI were not
different between the two groups (P = 0.65), indicating that the
early facilitation did not change after immobilization (see also
Fig. 3).
The second analysis compared Hcond for the ISIs after the early
facilitation, reﬂecting the excitability of slower (polysynaptic) cor-
ticospinal pathways. The ANOVA revealed no effect for GROUP
(F1,4 = 3.27, P = 0.15) but an effect for ISI (F7,28 = 2.49, P < 0.05)
and also a signiﬁcant ISI  GROUP interaction (F7,28 = 2.83,
P < 0.05). Besides the trivial ﬁnding that conditioned H-reﬂexes at
the different ISIs changed in size (indicated by a signiﬁcant effect
for ISI), the striking result was the signiﬁcant ISI  GROUP interac-
tion. This ﬁnding indicates that there was a signiﬁcant difference of
Hcond between the two groups only at speciﬁc ISIs. We unmasked
these ISIs by comparing Hcond at each ISI between the two groups.
There were 3 ISIs showing signiﬁcant differences, namely at ISI
1 ms (P < 0.01), ISI 0 ms (P < 0.05) and ISI 4 ms (P < 0.01). These
results indicate that immobilization caused a signiﬁcant increase
of Hcond for ISIs 1, 0, and 4 ms, respectively (see Fig. 3).
The ﬁnding is strengthened when comparing Hcond at each ISI
of the post-measurement with the corresponding Hcond of the
pre-measurement for both groups separately. For the immobiliza-
tion group, Hcond was different only at ISI 1 ms (P = 0.04), ISI
0 ms (P = 0.03), and ISI 4 ms (P = 0.01) (Fig. 3). There were no differ-
ences of Hcond at each of the tested ISIs for the control group.
Finally, we tested whether the size of the control H-reﬂex was
different between the pre- and post-measurement. Note that the
control H-reﬂex was adjusted in each experiment to 15–25% of
the respective Mmax (Crone et al., 1990). As the control H-reﬂex
served as a reference for all conditioned reﬂexes it should be com-
parable between the two tests. This was indeed the case for the
immobilization group (pre control H-reﬂex: 26% Mmax; post con-
trol H-reﬂex: 26.6% Mmax; P = 0.86) and also for the control group
(pre control H-reﬂex: 25% Mmax; post control H-reﬂex: 25.3%
Mmax; P = 0.89).
4. Discussion
The main ﬁnding of the present study was a pathway-speciﬁc
change in corticospinal excitability following immobilization
evidenced by an increase in Hcond at speciﬁc ISIs. This pathway-
speciﬁc modulation at ISIs 1, 0, and 4 ms, respectively, is most
likely causally related to the overall increase in corticospinal
excitability evidenced by the selective change in the MEP recruit-
ment curves following immobilization. The ISI corresponding to
the early facilitation was not affected by immobilization. Besides
corticospinal adaptations, there were no changes in the excitability
of the spinal reﬂex circuitry that was estimated based on stretch-
and H-reﬂexes. All variables were referenced to Mmax in the
pre- and post-measurement, respectively. Otherwise our interpre-
tations would not be reasonable as Mmax changed following
Fig. 2. TMS recruitment curves were generated based on motor-evoked potential (MEP) amplitudes obtained in SOL at rest in the pre and post-measurement for both the
immobilization group and the control group. (A) Shows MEP amplitudes obtained in the immobilization group before (dark blue) and after immobilization (blue). (B) Shows
corresponding data for the control group in the pre (dark red) and post-measurement (red). All MEP amplitudes are normalized to the corresponding individual Mmax and
presented as group mean and standard deviation of the mean (error bars). In both panels, the abscissa represents the TMS stimulation intensity normalized to the individual
MT in the pre-measurement. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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immobilization, reﬂecting modulations of intrinsic properties of
the muscle distal to the stimulation site, most likely caused by
atrophy.
It has previously been demonstrated that corticospinal excit-
ability may increase following joint immobilization (Clark et al.,
2008; Roberts et al., 2007; Zanette et al., 2004). Previous studies
analyzing compound MEP should not specify the site (i.e. the exact
pathway(s)) underlying the adaptation. The really novel and excit-
ing ﬁnding of the present study is that based on the results
obtained from Hcond, we demonstrate that only a speciﬁc fraction
of corticospinal pathways was affected following immobilization.
The early facilitation was similar in pre- and post-measurement
and occurred on average at the ISI of 3 ms in both groups. An ISI
around 3 ms for the early facilitation was similarly reported in
previous studies (Leukel et al., 2012; Taube et al., 2011). The early
facilitation has been argued to reﬂect excitation of spinal motoneu-
rons by direct (monosynaptic) corticospinal projections (Nielsen
and Petersen, 1995a; Nielsen et al., 1995, 1993). It is interesting
that immobilization did not inﬂuence excitability and/or
transmission in this part of the corticospinal pathway. Direct corti-
cospinal pathways have been argued to be involved in many – if
not most – forms of complex human movements such as walking
(Petersen et al., 1998b) hopping (Taube et al., 2012), ballistic move-
ments (Taube et al., 2011), and ﬁne coordinated ﬁnger tasks (Porter
and Lemon, 1993). Thus, when investigating effects of disuse (joint
immobilization) we would have hypothesized beforehand that
immobilization is accompanied by changes in the excitability
and/or transmission in these direct pathways.
Instead of changes of the early facilitation we observed an
increase in slower/longer latency corticospinal pathways at ISIs
0, 1, and 4 ms.
Although the conditioning technique used in the present study
allows differentiation of different fractions of the corticospinal
pathway it does not allow to deduce the exact site of these
adaptation(s). Considering H-reﬂex conditioning curves it is well
accepted that the ﬁrst (early) facilitation is in all likelihood
Fig. 3. Mean conditioned H-reﬂexes (Hcond) are illustrated for the immobilization group (A) and the control group (B). The mean value of the early facilitation, corresponding
to the ﬁrst increase in Hcond from baseline, can be visually detected at an ISI of 3 ms. The early facilitation most likely reﬂects excitation of spinal motoneurons by direct
(monosynaptic) corticospinal projections. Note that at 3 ISIs there was a signiﬁcant increase in Hcond following immobilization:1, 0, and 4 ms. No changes were observed in
the control group. Importantly, there was no change at the ISI corresponding to the early facilitation. Bars indicate standard deviation of the mean.
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propagated via direct (monosynaptic) corticospinal pathways
(Nielsen and Petersen, 1995a; Nielsen et al., 1995, 1993;
Petersen et al., 1998b). The subsequent inhibition occurring
around 1–2 ms after the early facilitation was argued to be
caused by disynaptic reciprocal inhibition (Nielsen and Petersen,
1995a; Nielsen et al., 1995). From this ISI onwards, slower and
more indirect pathways were thought to be involved (Petersen
et al., 1998b). Interestingly, the contribution of these indirect
pathways seems to greatly depend on the task leading to a facil-
itation of the H-reﬂexes during tonic contractions and at rest but
suppression during dynamic movements (Taube et al., 2011).
Recently we demonstrated that this inhibition is most likely
taking place at the cortical level as H-reﬂex conditioning with
magnetic stimulation over the cervicomedullary junction (CMS-
conditioning, where effects of the tested ISIs are not dependent
on excitability of cortical cells) did not result in comparable inhi-
bition but rather in a facilitation (Taube et al., 2011). Referring to
the present experiment, the HEP orthosis prevented dynamic
movements but allowed tonic contractions of plantar ﬂexor mus-
cles and therefore it may be argued that the kind of inhibition of
slower corticospinal pathways just described was not needed.
The signiﬁcant facilitation of Hcond at later ISIs after immobiliza-
tion might then be seen as a cortical dis-inhibition. However, the
experimental setup, in particular the fact that we did not apply
CMS-conditioning, does not allow testing this assumption, as
we cannot exclude spinal adaptations. Recently, we provided
evidence by means of CMS-conditioning that both direct
monosynaptic (Taube et al., 2014) as well as indirect polysynaptic
corticospinal projections (Leukel et al., 2012) undergo plasticity
at the spinal level in response to repetitive activation. These
observations make it likely that immobilization also results in
changes of corticospinal transmission that are related to spinal
mechanisms. Spinal changes may relate to adaptations of
propriospinal neurons (Alstermark et al., 1999, 2007) or other
segmental interneurons. In line with this, we previously found a
decrease in presynaptic inhibition of Ia afferents in response to
immobilization (Lundbye-Jensen and Nielsen, 2008b). Presynaptic
inhibition was not monitored in the present study, but we did not
observe changes in the H-reﬂex parameters.
The unchanged H-reﬂexes in the present study are in contrast to
other studies that found increased excitability in the central part of
the spinal stretch reﬂex circuitry and increased H-reﬂex amplitudes
following joint immobilization (Clark et al., 2008; Lundbye-Jensen
and Nielsen, 2008a,b). It may be that this discrepancy relates
to the duration of the joint immobilization period or to the
immobilization paradigm. In previous studies the ankle joint was
immobilized for the full intervention period and also the lower limb
was suspended whereas subjects were allowed weight-bearing
activities in the present study. Additionally, subjects did not wear
the orthosis overnight in the present study. This is also in contrast
to previous studies in which subjects wore a cast for 24 h per day.
Consequently, the immobilization paradigm in itself may have
implications for the sensorimotor activation patterns and subse-
quently also for the plastic changes accompanying immobilization.
The fact that the electrophysiological measurements were con-
ducted at rest and not during movement constitutes a methodolog-
ical limitation of the current study. The present study was designed
to cover a wide range of possible neural sites of adaptations. Based
on our ﬁndings of pathway-speciﬁc modulation of corticospinal
transmission after immobilization future work should look into
‘‘functional’’ corticospinal plasticity following immobilization.
In relation to the ‘‘functional’’ corticospinal plasticity, a further
limitation is that we are unable to link the neural adaptations
reported in the present study to behavior. For instance, the
increase in Hcond at speciﬁc ISIs could mean a decrease in the per-
formance of ﬁne motor skills, walking, and/or balance control.
In summary, the current study is to our knowledge the ﬁrst to
demonstrate that the overall increase in corticospinal excitability
observed following immobilization that was reported in previous
experiments is in fact a pathway-speciﬁc corticospinal adaptation.
Interestingly, we show that transmission in indirect but not direct
(monosynaptic) corticospinal connections were affected.
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